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ELECTRONIC SYSTEM AND OPERATING
METHOD THEREOF

CROSS-REFERENCE TO RELATED
APPLICATIONS

The disclosure of Japanese Patent Application No. 2013-
101038 filed on May 13, 2013 including the specification,
drawings and abstract is incorporated herein by reference in
its entirety.

BACKGROUND

The present invention relates to an electronic system and an
operating method thereof, and particularly to a technique
effective in compensating for non-linearity of an AD conver-
sion unit and non-linearity of a DA conversion unit in an
electronic system including the DA conversion unit and the
AD conversion unit.

The following Patent Document 1 describes an A/D con-
verter called a background digital correction type A/D con-
verter. The background digital correction type A/D converter
includes a main A/D conversion unit which performs a high-
speed A/D conversion operation with low precision, a refer-
ence A/D conversion unit which performs high-resolution
A/D conversion at low speed, and a digital correction unit
which generates a final digital output signal from a digital
signal of the main A/D conversion unit and a digital signal of
the reference A/D conversion unit.

The following Patent Document 2 and Non-patent Docu-
ment 1 describe an A/D converter called a foreground digital
correction type A/D converter. The foreground digital correc-
tion type A/D converter includes a main A/D conversion unit,
a reference D/A conversion unit, a switch, a foreground cali-
bration unit, and a digital output generation unit. During a
calibration operation period, a calibration digital signal is
converted into a calibration analog signal by the reference
D/A conversion unit, and the calibration analog signal is
supplied to an input terminal of the main A/D conversion unit
via the switch. A digital signal generated from an output
terminal of the main A/D conversion unit is supplied to an
input terminal of the digital output generation unit, the cali-
bration digital signal and a final digital output signal of the
digital output generation unit are supplied to the foreground
calibration unit, and an output signal of the foreground cali-
bration unit is supplied to a control input terminal of the
digital output generation unit. As a result, the digital output
generation unit is controlled by the output signal of the fore-
ground calibration unit so that the calibration digital signal
supplied to the foreground calibration unit and the final digital
output signal of the digital output generation unit agree with
each other.

[Patent Document 1]

Japanese Unexamined Patent Publication No. 2009-130444

[Patent Document 2]

Japanese Unexamined Patent Publication No. 2009-159415

[Non-Patent Document 1]

Takashi Oshima et al, “23 mW 50-MS/s 10-bit Pipeline A/D
Converter with Nonlinear LMS Foreground Calibration”,
2009 International Symposium on Circuits and Systems,
PP. 960-063

SUMMARY

Prior to the present invention, the inventors of the present
invention have engaged in research/development of high-
precision AD converters and DA converters incorporated in a
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2

radio-frequency semiconductor integrated circuit (RFIC) for
radio communication and a large-scale integrated circuit
(LSI) such as a microcontroller and a microcomputer.

In this research/development, prior to the present inven-
tion, the inventors have examined the background digital
correction type A/D converter described in Patent Document
1 and found the following problem. That is, an area occupied
by the semiconductor chip of the reference A/D conversion
unit which performs low-speed high-resolution A/D conver-
sion in the background digital correction type A/D converter
is relatively large, which extremely increases the total area
occupied by the semiconductor chip of the built-in A/D con-
verter.

Further, in this research/development, prior to the present
invention, the inventors have examined the foreground digital
correction type A/D converter described in Patent Document
2 and Non-patent Document 1, and found the following prob-
lem. That is, in the foreground digital correction type A/D
converter, the non-linearity of the main A/D conversion unit
itself can be calibrated and improved during the calibration
operation period, which can reduce an area occupied by the
semiconductor chip of the main A/D conversion unit and the
power consumption of the main A/D conversion. However, in
the foreground digital correction type A/D converter, it is
necessary to enhance the precision of the analog output signal
of the reference D/A conversion unit supplied to the input
terminal of the main A/D conversion unit during the calibra-
tion operation period, which increases an area occupied by
the semiconductor chip of the reference D/A conversion unit,
the power consumption of the reference D/A conversion unit,
and manhours for designing the reference D/A conversion
unit. For example, if the resolution of DA conversion of the
reference D/A conversion unit is increased by 1 bit to enhance
the precision, the area occupied by the semiconductor chip
and the power consumption increase by a factor of approxi-
mately 4.

While means for solving these problems will be described
below, the other problems and novel features will become
apparent from the description of this specification and the
accompanying drawings.

A typical embodiment disclosed in the present application
will be briefly described as follows.

An electronic system (1) according to the typical embodi-
ment includes an A/D conversion unit (10), a D/A conversion
unit (11), an AD conversion compensation unit (13), a DA
conversion compensation unit (15,16, 16 A), and a calibration
unit (14).

During a calibration operation period, the calibration unit
(14) sets an operating characteristic of the AD conversion
compensation unit (13) and an operating characteristic of the
DA conversion compensation unit (15, 16, 16A) in response
to a signal supplied to one input terminal and a signal supplied
to the other input terminal.

The operating characteristic of the AD conversion compen-
sation unit (13) set during the calibration operation period
compensates for non-linearity of AD conversion of the A/D
conversion unit (10).

The operating characteristic of the DA conversion compen-
sation unit (15, 16, 16A) set during the calibration operation
period compensates for non-linearity of DA conversion ofthe
D/A conversion unit (11) (see FIG. 1).

An effect obtained by the typical one of the embodiments
disclosed in the present application will be briefly described
as follows.

According to the present electronic system, it is possible to
compensate for the non-linearity of the AD conversion unit
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and the non-linearity of the DA conversion unit in the elec-
tronic system including the DA conversion unit and the AD
conversion unit.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram showing the configuration of an elec-
tronic system 1 according to a first embodiment.

FIG. 2 is a flowchart for explaining an operation in which
a second DA conversion compensation unit 16 in the elec-
tronic system 1 according to the first embodiment shown in
FIG. 1 generates a compensation digital value D'j j=1,2 . ..
M) in response to a digital value Dj (=1, 2 ... M) of a DA
conversion digital input signal DAIN.

FIG. 3 is a diagram showing the configuration of an elec-
tronic system 1 according to a second embodiment.

FIG. 4 is a diagram showing the configuration of an A/D
conversion unit 10 for generating an AD conversion digital
signal bk and a dither digital signal dk in the electronic system
1 according to the second embodiment shown in FIG. 3.

FIG. 5 is a diagram for explaining the operation of gener-
ating the AD conversion digital signal b,., and the dither
digital signal d,, ; of the (N-1)th AD conversion stage 10N-1
in a pipeline type A/D converter according to the second
embodiment shown in FIG. 4.

FIG. 6 is a diagram for explaining an analog residual signal
V,..» the AD conversion digital signal b,, ,, and the dither
digital signal d,, ; generated from the (N-1)th AD conversion
stage 10N-1 of the pipeline type A/D converter according to
the second embodiment shown in FIG. 4 in response to an
analog input voltage VIN.

FIG. 7 is a diagram showing another configuration of the
A/D conversion unit 10 for generating the AD conversion
digital signal bk and the dither digital signal dk in the elec-
tronic system 1 according to the second embodiment shown
in FIG. 3.

FIG. 8 is a diagram showing the configuration of an elec-
tronic system 1 according to a third embodiment.

FIG. 9 is a diagram showing the configuration of a D/A
conversion unit 11 whose non-linearity is compensated for by
supplying a weight coefficient Yk (k=1, 2 . . . M) generated
from a calibration value calculation unit 16A and a control
register 16B to the D/A conversion unit 11 in the electronic
system 1 according to the third embodiment shown in FIG. 8.

FIG. 10 is a diagram showing the configuration of an elec-
tronic system 1 according to a fourth embodiment.

FIG. 11 is a diagram showing the configuration of an elec-
tronic system 1 according to a fifth embodiment.

FIG. 12 is a diagram showing the configuration of the D/A
conversion unit 11 for generating a dither analog output sig-
nal in response to a dither generation control signal Dither-
_gen in the electronic system 1 according to the fifth embodi-
ment shown in FIG. 11.

FIG. 13 is a diagram showing the configuration of an RF
analog semiconductor integrated circuit 1 according to a sixth
embodiment used in a wireless LAN.

FIG. 14 is a diagram showing the configuration of a semi-
conductor integrated circuit 1 according to a seventh embodi-
ment configured as a single-chip microcomputer.

DETAILED DESCRIPTION
1. Outline of Embodiments
First, exemplary embodiments of the invention disclosed in

the present application will be outlined. Reference numerals
in the drawings that refer to with parentheses applied thereto
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4

in the outline description of the exemplary embodiments are
merely illustration of ones contained in the concepts of com-
ponents marked with the reference numerals.

[1] An electronic system (1) according to an exemplary
embodiment includes an A/D conversion unit (10), a D/A
conversion unit (11), an AD conversion compensation unit
(13), a DA conversion compensation unit (15, 16, 16A), and
a calibration unit (14).

During a calibration operation period, a calibration digital
input signal (DAIN) is supplied to the DA conversion com-
pensation unit (15,16, 16A), and either the calibration digital
input signal (DAIN) or a DA conversion compensation cali-
bration digital output signal generated from the DA conver-
sion compensation unit is supplied to an input terminal of the
D/A conversion unit (11).

During the calibration operation period, a calibration ana-
log signal generated from an output terminal of the D/A
conversion unit (11) can be supplied to an input terminal of
the A/D conversion unit (10), and a calibration digital output
signal (bk) generated from an output terminal of the A/D
conversion unit (10) is supplied to an input terminal of the AD
conversion compensation unit (13).

During the calibration operation period, either the calibra-
tion digital input signal or the DA conversion compensation
calibration digital output signal is supplied to one input ter-
minal of the calibration unit (14), and an AD conversion
compensation calibration digital output signal generated
from the AD conversion compensation unit is supplied to the
other input terminal of the calibration unit (14).

During the calibration operation period, the calibration
unit (14) sets an operating characteristic of the AD conversion
compensation unit (13) and an operating characteristic of the
DA conversion compensation unit (15, 16, 16A) in response
to the signal supplied to the one input terminal and the signal
supplied to the other input terminal.

The operating characteristic of the AD conversion compen-
sation unit (13) set during the calibration operation period
compensates for non-linearity of AD conversion of the A/D
conversion unit (10).

The operating characteristic of the DA conversion compen-
sation unit (15, 16, 16A) set during the calibration operation
period compensates for non-linearity of DA conversion ofthe
D/A conversion unit (11) (see FIG. 1).

According to the above embodiment, it is possible to com-
pensate for the non-linearity of the AD conversion unit and
the non-linearity of the DA conversion unit in the electronic
system including the DA conversion unit and the AD conver-
sion unit.

In a preferred embodiment, the DA conversion compensa-
tion unit includes a first DA conversion compensation unit
(15) and a second DA conversion compensation unit (16).

During the calibration operation period, the calibration
digital input signal (DAIN) is supplied to an input terminal of
the first DA conversion compensation unit (15), and thereby
the DA conversion compensation calibration digital output
signal generated from an output terminal of the first DA
conversion compensation unit is supplied to the one input
terminal of the calibration unit (14).

An operating characteristic of the first DA conversion com-
pensation unit (15) set by the calibration unit (14) during the
calibration operation period emulates the non-linearity of the
DA conversion of the D/A conversion unit (11) during the
calibration operation period.

During a normal operation period after the calibration
operation period, a digital input signal (DAIN) is supplied to
an input terminal of the second DA conversion compensation
unit (16), and thereby a digital compensation output signal
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generated from an output terminal of the second DA conver-
sion compensation unit (16) is supplied to the input terminal
of the D/A conversion unit (11).

An operating characteristic of the second DA conversion
compensation unit (16) set by the calibration unit (14) based
on a calibration result during the calibration operation period
substantially cancels the non-linearity of the DA conversion
of the D/A conversion unit (11) (see FIG. 1).

In another preferred embodiment, during the calibration
operation period and the normal operation period, the oper-
ating characteristic of the AD conversion compensation unit
(13) substantially cancels the non-linearity of the AD conver-
sion of the AD conversion unit (10) (see FIG. 1).

In yet another preferred embodiment, the electronic system
(1) further includes a selector unit (17) having a first input
terminal, a second input terminal, and an output terminal.

During the calibration operation period, the calibration
digital input signal (DAIN) is supplied to the first input ter-
minal of the selector unit (17), and the calibration digital input
signal transferred to the output terminal of the selector unit is
supplied to the input terminal of the D/A conversion unit (11).

During the normal operation period, the digital compensa-
tion output signal generated from the output terminal of the
second DA conversion compensation unit (16) is supplied to
the second input terminal of the selector unit (17), and the
digital compensation output signal transferred to the output
terminal of the selector unit is supplied to the input terminal of
the D/A conversion unit (11) (see FIG. 1).

In a more preferred embodiment, the calibration unit (14)
includes a subtraction unit (140), a first search engine (141),
and a second search engine (142).

The subtraction unit (140) calculates a difference between
the signal supplied to the one input terminal of the calibration
unit and the signal supplied to the other input terminal.

The first search engine (141) sets the operating character-
istic of the first DA conversion compensation unit (15) and the
operating characteristic of the second DA conversion com-
pensationunit (16), in response to an output signal (“e””) of the
subtraction unit (140).

The second search engine (142) sets the operating charac-
teristic of the AD conversion compensation unit (13), in
response to the output signal (“e”) of the subtraction unit
(140) (see FIG. 1).

In another more preferred embodiment, either the A/D
conversion unit (10) or the D/A conversion unit (11) gener-
ates a dither output signal for enhancing a convergence of
calculation operation of the first search engine (141) and the
second search engine (142) of the calibration unit (14) (see
FIGS. 3, 8,10, 11).

In yet another more preferred embodiment, the A/D con-
version unit (10) which generates the dither output signal is
comprised of either a pipeline type A/D converter (see F1G. 4)
or a successive comparison type A/D converter (see FIG. 7).

In an alternative more preferred embodiment, the DA con-
version compensation unit includes a first DA conversion
compensation unit (15) and a second DA conversion compen-
sation unit (16A, 16B).

During the calibration operation period, the calibration
digital input signal (DAIN) is supplied to an input terminal of
the first DA conversion compensation unit (15), and thereby
the DA conversion compensation calibration digital output
signal generated from an output terminal of the first DA
conversion compensation unit (15) is supplied to the one
input terminal of the calibration unit (14).

An operating characteristic of the first DA conversion com-
pensation unit (15) set by the calibration unit (14) during the
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6

calibration operation period emulates the non-linearity of the
DA conversion of the D/A conversion unit (11).

During a normal operation period after the calibration
operation period, the second DA conversion compensation
unit (16 A, 16B) substantially cancels the non-linearity of the
DA conversion of the D/A conversion unit (11) (see FIG. 8).

In a further alternative more preferred embodiment, the
D/A conversion unit (11) is comprised of a binary type D/A
converter.

A weight error of the binary type D/A converter is reduced
by an output signal of the second DA conversion compensa-
tion unit (16 A, 16B) in order to substantially cancel the non-
linearity of the DA conversion of the D/A conversion unit (11)
during the normal operation period (see FIG. 9).

In a specific embodiment, during the calibration operation
period and the normal operation period, the operating char-
acteristic of the DA conversion compensation unit (16) sub-
stantially cancels the non-linearity of the DA conversion of
the DA conversion unit (11) (see FIG. 10).

In another specific embodiment, the DA conversion unit
(11) which generates the dither output signal is comprised of
a binary type D/A converter having a dither analog current
generation unit for generating a dither analog output signal
(see FIGS. 11, 12).

In a more specific embodiment, the A/D conversion unit
(10), the D/A conversion unit (11), the AD conversion com-
pensation unit (13), the DA conversion compensation unit
(15,16, 16A), and the calibration unit (14) in the electronic
system (1) are integrated in a semiconductor integrated cir-
cuit.

In another more specific embodiment, the semiconductor
integrated circuit is an RF analog semiconductor integrated
circuit.

The A/D conversion unit (10) is a reception A/D converter
(Rx_A/D) of the RF analog semiconductor integrated circuit,
and the D/A conversion unit (11) is a transmission D/A con-
verter (Tx_D/A) of the RF analog semiconductor integrated
circuit. (see FIG. 13).

The semiconductor integrated circuit according to the most
specific embodiment is a microcomputer in which a central
processing unit core (1410) and an analog core (1430) are
integrated.

The analog core (1430) includes the A/D conversion unit
(10) and the D/A conversion unit (11) (see FIG. 14).

[2] Another exemplary embodiment is an operating
method of an electronic system (1) including an A/D conver-
sion unit (10), a D/A conversion unit (11), an AD conversion
compensation unit (13), a DA conversion compensation unit
(15,16, 16A), and a calibration unit (14).

During a calibration operation period, a calibration digital
input signal (DAIN) is supplied to the DA conversion com-
pensation unit (15,16, 16A), and either the calibration digital
input signal (DAIN) or a DA conversion compensation cali-
bration digital output signal generated from the DA conver-
sion compensation unit is supplied to an input terminal of the
D/A conversion unit (11).

During the calibration operation period, a calibration ana-
log signal generated from an output terminal of the D/A
conversion unit (11) can be supplied to an input terminal of
the A/D conversion unit (10), and a calibration digital output
signal (bk) generated from an output terminal of the A/D
conversion unit (10) is supplied to an input terminal of the AD
conversion compensation unit (13).

During the calibration operation period, either the calibra-
tion digital input signal or the DA conversion compensation
calibration digital output signal is supplied to one input ter-
minal of the calibration unit (14), and an AD conversion
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compensation calibration digital output signal generated
from the AD conversion compensation unit is supplied to the
other input terminal of the calibration unit (14).

During the calibration operation period, the calibration
unit (14) sets an operating characteristic of the AD conversion
compensation unit (13) and an operating characteristic of the
DA conversion compensation unit (15, 16, 16A) in response
to the signal supplied to the one input terminal and the signal
supplied to the other input terminal.

The operating characteristic of the AD conversion compen-
sation unit (13) set during the calibration operation period
compensates for non-linearity of AD conversion of the A/D
conversion unit (10).

The operating characteristic of the DA conversion compen-
sation unit (15, 16, 16A) set during the calibration operation
period compensates for non-linearity of DA conversion of the
D/A conversion unit (11) (see FIG. 1).

According to the above embodiment, it is possible to com-
pensate for the non-linearity of the AD conversion unit and
the non-linearity of the DA conversion unit in the electronic
system including the DA conversion unit and the AD conver-
sion unit.

2. Details of Embodiments

Next, embodiments will be described in greater detail
below. In all the drawings for illustrating the best mode for
carrying out the invention, components having the same func-
tions as in the foregoing drawings are denoted by the same
reference numerals, and their description will not be repeated.

First Embodiment
Configuration of Electronic System

FIG. 1 is a diagram showing the configuration of an elec-
tronic system 1 according to the first embodiment.

The electronic system 1 according to the first embodiment
shown in FIG. 1 is comprised of a monolithic semiconductor
integrated circuit. An A/D conversion unit 10, a D/A conver-
sion unit 11, a calibration switch 12, an AD conversion com-
pensation unit 13, a calibration unit 14, a first DA conversion
compensation unit 15, a second DA conversion compensation
unit 16, a selector unit 17, a DA conversion output switch 18,
and an AD conversion input switch 19 are integrated over a
semiconductor chip of the monolithic semiconductor inte-
grated circuit. The electronic system 1 according to the first
embodiment shown in FIG. 1 operates as the foreground
digital correction type A/D converter described at the begin-
ning of this specification. Further, the calibration unit 14
includes a subtraction unit 140, a first search engine 141, and
a second search engine 142. Accordingly, an output section of
the D/A conversion unit 11, the DA conversion output switch
18, the calibration switch 12, an input section of the A/D
conversion unit 10, and the AD conversion input switch 19
configure an analog circuit section Analog of the electronic
system 1. On the other hand, an input section of the D/A
conversion unit 11, the selector unit 17, the second DA con-
version compensation unit 16, the first DA conversion com-
pensation unit 15, the calibration unit 14, the AD conversion
compensation unit 13, and an output section of the A/D con-
version unit 10 configure a digital circuit section Digital of the
electronic system 1.

Calibration Operation

During a calibration operation period, a digital input signal
DAIN as a calibration digital signal is supplied via a first input
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terminal and an output terminal of the selector unit 17 to an
input terminal of the D/A conversion unit 11 which functions
as a reference D/A conversion unit. Accordingly, a DA con-
version analog output signal DAOUT which is a calibration
analog signal generated from an output terminal of the D/A
conversion unit 11 as the reference D/A conversion unit is
supplied to an input terminal of the A/D conversion unit 10 via
the calibration switch 12. As a result, an AD conversion
digital signal generated from an output terminal of the A/D
conversion unit 10 is supplied to an input terminal of the AD
conversion compensation unit 13 which functions as a com-
pensation digital output generation unit, and an AD conver-
sion compensation digital output signal is generated from an
output terminal of the AD conversion compensation unit 13.
Further, during the calibration operation period, the digital
input signal DAIN functioning as the calibration digital signal
is supplied to an input terminal of the first DA conversion
compensation unit 15, and a DA conversion compensation
calibration digital output signal is generated from an output
terminal of the first DA conversion compensation unit 15.

As a result, during the calibration operation period, the
calibration unit 14 operates so that the difference between the
DA conversion compensation calibration digital output signal
from the first DA conversion compensation unit 15 and the
AD conversion compensation digital output signal from the
AD conversion compensation unit 13 supplied to the subtrac-
tion unit 140 of the calibration unit 14 becomes substantially
zero. That is, the first search engine 141 and the second search
engine 142 respond to an error output signal “e” of the sub-
traction unit 140 of the calibration unit 14, so that an operat-
ing characteristic of the first DA conversion compensation
unit 15 and an operating characteristic of the AD conversion
compensation unit 13 are determined. More specifically, the
operating characteristic of the first DA conversion compen-
sation unit 15 is determined by the first search engine 141 so
as to emulate the non-linearity of DA conversion of the D/A
conversion unit 11 as the reference D/A conversion unit, and
the operating characteristic of the AD conversion compensa-
tion unit 13 is determined by the second search engine 142 so
as to cancel the non-linearity of AD conversion of the A/D
conversion unit 10. That is, the operating characteristic of the
AD conversion compensation unit 13 corresponds to the
reverse direction conversion of the non-linearity of AD con-
version of the A/D conversion unit 10, whereas the operating
characteristic of the first DA conversion compensation unit 15
corresponds to the forward direction conversion of the non-
linearity of DA conversion of the D/A conversion unit 11.
Accordingly, the first search engine 141 and the second
search engine 142 respond to the error output signal “e” of the
subtractionunit 140 of the calibration unit 14, so that a weight
coefficient Xk (k=1, 2 . . . M) of the first DA conversion
compensation unit 15 is determined by the first search engine
141, and a weight coefficient Wk (k=1, 2 . . . N) of the AD
conversion compensation unit 13 is determined by the second
search engine 142.

Therefore, even though the low-precision D/A conversion
unit 11 and the low-precision A/D conversion unit 10 are used
in the electronic system 1 according to the first embodiment
shown in FIG. 1, the non-linearity of the D/A conversion unit
11 and the non-linearity of the A/D conversion unit 10 are
compensated for by the operating characteristic of the first
DA conversion compensation unit 15 and the operating char-
acteristic of the AD conversion compensation unit 13 respec-
tively during the calibration operation period.

Since the first search engine 141 of the calibration unit 14
determines the weight coefficient Xk (k=1,2 ... M) of the first
DA conversion compensation unit 15 in response to the error
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output signal “e” of the subtraction unit 140, the DA conver-
sion compensation calibration digital output signal
DAC_Cmp1_OUT generated from the output terminal of the
first DA conversion compensation unit 15 is expressed by the
following equation (1).

M (1
DAC_Cmpl OUT = Z X, - Dy
k=1

In the equation (1), Dk (k=1, 2 . . . M) denotes the M-bit
digital input signal DAIN as the calibration digital signal
supplied to the first DA conversion compensation unit 15 and
the selector unit 17 during the calibration operation period.

Since the second search engine 142 of the calibration unit
14 determines the weight coefficient Wk (k=1,2 ... N) of the
AD conversion compensation unit 13 in response to the error
output signal “e” of the subtraction unit 140, the AD conver-
sion compensation digital output signal ADC_Cmp_OUT
generated from the output terminal of the AD conversion
compensation unit 13 is expressed by the following equation

@-

N (2)
ADC_Cmp OUT = Z W, by
k=1

In the equation (2), bk (k=1, 2 . . . N) denotes the N-bit AD
conversion digital signal bk generated from the output termi-
nal ofthe A/D conversion unit 10 during the calibration opera-
tion period.

By performing a calibration operation during the calibra-
tion operation period, the error output signal “e” of the sub-
traction unit 140 of the calibration unit 14 becomes substan-
tially zero. For example, by an LMS (Least Mean Square)
algorithm described in Non-patent Document 1, the weight
coefficient Xk (k=1, 2 . . . M) of the first DA conversion
compensation unit 15 and the weight coefficient Wk (k=1,
2 ... N) of the AD conversion compensation unit 13 are
determined. Consequently, even though the low-precision
D/A conversionunit 11 and the low-precision A/D conversion
unit 10 are used in the electronic system 1 according to the
first embodiment shown in FIG. 1, the non-linearity of the
D/A conversion unit 11 and the non-linearity of the A/D
conversion unit 10 are compensated for by the operating
characteristic of the first DA conversion compensationunit 15
and the operating characteristic of the AD conversion com-
pensation unit 13 respectively during the calibration opera-
tion period.

Further, by performing the calibration operation during the
calibration operation period, the weight coefficient Xk (k=1,
2 ... M) of the first DA conversion compensation unit 15
calculated by the first search engine 141 of the calibration unit
14 is also stored in an internal register of the second DA
conversion compensation unit 16.

Normal Operation

As a result, during a normal operation period after the
calibration operation period, the second DA conversion com-
pensation unit 16 determines an operating characteristic of
the second DA conversion compensation unit 16 by using the
weight coefficient Xk (k=1, 2 . . . M) of the first DA conver-
sion compensation unit 15 stored in the internal register. That
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is, the operating characteristic of the second DA conversion
compensation unit 16 corresponds to the reverse direction
conversion of the non-linearity of DA conversion of the D/A
conversion unit 11. As a result, the operating characteristic of
the second DA conversion compensation unit 16 cancels the
non-linearity of DA conversion of the D/A conversion unit 11.

More specifically, during the normal operation period after
the calibration operation period, the second DA conversion
compensation unit 16 generates a compensation digital value
D'k (k=1,2...M) by using the digital value Dk (k=1,2...M)
of the DA conversion digital input signal DAIN and the
weight coefficient Xk (k=1, 2 . . . M) stored in the internal
register. The compensation digital value D'k (k=1,2 ... M)
generated from the output terminal of the second DA conver-
sion compensation unit 16 is supplied to a second input ter-
minal of the selector unit 17. That is, the compensation digital
value D'k (k=1, 2 . . . M) from the second DA conversion
compensation unit 16 is generated by reverse direction con-
version of the digital value Dk (k=1, 2 . . . M) of the DA
conversion digital input signal DAIN by the non-linearity of
DA conversion of the D/A conversion unit 11. Therefore,
during the normal operation period, the operating character-
istic of the second DA conversion compensation unit 16 can-
cels the non-linearity of DA conversion of the D/A conversion
unit 11; therefore, even though the low-precision D/A con-
version unit 11 is used, the high-precision DA conversion
analog output signal DAOUT can be generated via the DA
conversion output switch 18 from the output terminal of the
D/A conversion unit 11.

Further, during the normal operation period after the cali-
bration operation period, the non-linearity of the A/D conver-
sion unit 10 is compensated for by the operating characteristic
of the AD conversion compensation unit 13, as during the
calibration operation period. That is, the operating character-
istic of the AD conversion compensation unit 13 determined
by the second search engine 142 cancels the non-linearity of
AD conversion of the A/D conversion unit 10. Therefore,
even though the low-precision A/D conversionunit 10 is used,
the high-precision AD conversion digital output signal
ADOUT can be generated from the output terminal of the AD
conversion compensation unit 13.

Generation of Compensation Digital Value of Second
DA Conversion Compensation Unit

FIG. 2 is a flowchart for explaining an operation in which
the second DA conversion compensation unit 16 in the elec-
tronic system 1 according to the first embodiment shown in
FIG. 1 generates the compensation digital value DYy (j=1,
2 ... M) in response to the digital value Dj (j=1,2 ... M) of
the DA conversion digital input signal DAIN.

In a first step S200 of FIG. 2, the operation of the second
DA conversion compensation unit 16 is started, where k=1
and D'j(j=1,2 ... M)=0 are initially set. In a second step S201,
the second DA conversion compensation unit 16 calculates an
ideal value Valuel of the DA conversion analog output signal
DAOUT generated from the output terminal of the D/A con-
version unit 11, in accordance with the following equation

G-

Mo 3
Valuel :Z 5 -D;
=1
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Further, in the second step S201, the second DA conversion
compensation unit 16 calculates an actual value Value2 of the
DA conversion analog output signal DAOUT generated from
the output terminal of the D/A conversion unit 11, in accor-
dance with the following equation (4).

M 4
Value2 = Z X; -D}
=

In a third step S202, the second DA conversion compensa-
tion unit 16 performs a determination operation in accordance
with the following equation (5).

Valuel-Value2=0? (5)

If a determination result in the third step S202 is “YES”,
the actual value Value2 of the DA conversion analog output
signal DAOUT generated from the D/A conversion unit 11
calculated by the equation (4) is smaller than the ideal value
Valuel of the DA conversion analog output signal DAOUT
generated from the D/A conversion unit 11 calculated by the
equation (3). Accordingly, if the determination result in the
third step S202 is “YES”, the second DA conversion com-
pensation unit 16 sets the compensation digital value D'k to a
positive value “1” in a fourth step S203 so that the actual value
Value? increases to the ideal value Valuel.

On the other hand, if the determination result in the third
step 5202 is “NO”, the actual value Value2 of the DA conver-
sion analog output signal DAOUT generated from the D/A
conversionunit 11 calculated by the equation (4) is larger than
the ideal value Valuel of the DA conversion analog output
signal DAOUT generated from the D/A conversion unit 11
calculated by the equation (3). Accordingly, if the determina-
tion result in the third step S202 is “NO”, the second DA
conversion compensation unit 16 sets the compensation digi-
tal value D'k to a negative value “~1” in a fifth step S204 so
that the actual value Value2 decreases to the ideal value
Valuel.

In a sixth step S205 after the fourth step S203 or the fifth
step S204, the second DA conversion compensation unit 16
determines whether or not a bit management number k
reaches the number of bits M. If a determination result in the
sixth step S205 is “NO”, the bit management number k is
incremented by +1 in a seventh step S206. If the determina-
tionresultin the sixth step S205 is “YES”, the operation of the
second DA conversion compensation unit 16 is ended in an
eighth step S206.

From the operation of generating the compensation digital
value D'k by the second DA conversion compensation unit 16
shown in FIG. 2, by M loop operations, the most significant
bit D'1, the second bit D'2, . . ., the least significant bit D'M of
the compensation digital value D'k (k=1, 2. .. M) are sequen-
tially generated by the second DA conversion compensation
unit 16. During this sequential generation, the digital value
Dk (k=1, 2 .. . M) of the M-bit DA conversion digital input
signal DAIN and the M-bit weight coefficient Xk (k=1,2 . ..
M) from the first search engine 141 are supplied in M-bit
parallel to the second DA conversion compensation unit16. It
can be considered that in such a state where the digital value
Dk of the M-bit DA conversion digital input signal DAIN and
the M-bit weight coefficient Xk are supplied in parallel to the
second DA conversion compensation unit 16, the second DA
conversion compensation unit 16 sequentially generates the
M-bit compensation digital value D'k. In this consideration,
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the second DA conversion compensation unit 16 operates at
least M times faster than the D/A conversion unit 11 and the
selector unit 17.

A first control signal Cntl is supplied to the calibration
switch 12, a second control signal Cnt2 is supplied to the DA
conversion output switch 18, a third control signal Cnt3 is
supplied to the AD conversion input switch 19, and a fourth
control signal Cnt4 is supplied to the selector unit 17.

During the calibration operation period, the fourth control
signal Cnt4 is at a high level, so that the selector unit 17 selects
the digital input signal DAIN as the calibration digital signal
supplied to the first input terminal and supplies it to the input
terminal of the D/A conversion unit 11.

During the normal operation period, the fourth control
signal Cnt4 is at a low level, so that the selector unit 17 selects
the compensation digital value D'k (k=1, 2 . . . M) supplied to
the second input terminal from the second DA conversion
compensation unit 16 and supplies it to the input terminal of
the D/A conversion unit 11.

Further, during the calibration operation period, the first
control signal Cntl is at the high level, and the second control
signal Cnt2 and the third control signal Cnt3 are at the low
level, so that the calibration switch 12 is turned on, and the DA
conversion output switch 18 and the AD conversion input
switch 19 are turned off.

Further, during the normal operation period, the first con-
trol signal Cntl is at the low level, and the second control
signal Cnt2 and the third control signal Cnt3 are at the high
level, so that the calibration switch 12 is turned off, and the
DA conversion output switch 18 and the AD conversion input
switch 19 are turned on.

Second Embodiment
Configuration of Electronic System

FIG. 3 is a diagram showing the configuration of an elec-
tronic system 1 according to the second embodiment.

The electronic system 1 according to the second embodi-
ment shown in FIG. 3 differs from the electronic system 1
according to the first embodiment shown in FIG. 1 in the
following respect.

That is, in the electronic system 1 according to the second
embodiment shown in FIG. 3, the A/D conversion unit 10
generates not only the N-bit AD conversion digital signal bk,
but also a N-bit dither digital signal dk in response to a dither
generation control signal Dither_gen. Accordingly, the sec-
ond search engine 142 of'the calibration unit 14 generates not
only the N-bit weight coefficient Xk but also another N-bit
weight coefficient ak.

Thus, in the electronic system 1 according to the second
embodiment shown in FIG. 3, the A/D conversion unit 10
generates the dither digital signal dk, and the second search
engine 142 generates the N-bit weight coefficient ok, in order
to improve the convergence speed of weight calculation per-
formed by the first search engine 141 and the second search
engine 142 of the calibration unit 14.

On the other hand, the A/D conversion unit 10 of the
electronic system 1 according to the first embodiment shown
in FIG. 1 does not generate the dither digital signal dk. As a
result, the study made by the present inventors et al. has
revealed that a problem that the convergence speed of weight
calculation performed by the first search engine 141 and the
second search engine 142 of the calibration unit 14 is slow in
the case where the DA conversion analog output signal
DAOUT of the D/A conversion unit 11 of the electronic
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system 1 according to the first embodiment shown in FIG. 1 is
a DC voltage or a low-frequency voltage.

Accordingly, in order to resolve the problem that the con-
vergence speed of weight calculation is slow in the electronic
system 1 according to the first embodiment of FIG. 1; in the
electronic system 1 according to the second embodiment
shown in FIG. 3, the A/D conversion unit 10 generates the
N-bit dither digital signal dk in response to the dither genera-
tion control signal Dither_gen, and the second search engine
142 generates the N-bit weight coefficient k.

That is, the N-bit AD conversion digital signal bk generated
from the output terminal of the A/D conversion unit 10 is
assumed to be e.g. all “0” since the DA conversion analog
output signal DAOUT of the D/A conversion unit 11 of the
electronic system 1 according to the first embodiment of FIG.
1 is the DC voltage or the low-frequency voltage. In this case,
the AD conversion compensation digital output signal ADC_
Cmp_OUT expressed by the equation (2) from the output
terminal of the AD conversion compensation unit 13 is all
“0”, entirely regardless of the value of the weight coefficient
Wk (k=1,2...N)ofthe AD conversion compensation unit 13.
Therefore, the weight calculation of the weight coefficient
Wk (k=1,2...N)ofthe AD conversion compensation unit 13
performed by the second search engine 142 of the calibration
unit 14 does not converge correctly. Further, due to this, the
weight calculation of the weight coefficient Xk (k=1,2... M)
of'the first DA conversion compensation unit 15 performed by
the first search engine 141 of the calibration unit 14 does not
converge correctly either.

On the other hand, in the electronic system 1 according to
the second embodiment shown in FIG. 3, even in the above
case, the N-bit dither digital signal dk generated from the A/D
conversion unit 10 resolves all “0” of the AD conversion
compensation digital output signal ADC_Cmp_OUT gener-
ated from the output terminal of the AD conversion compen-
sation unit 13. Consequently, it becomes possible to correctly
converge the weight calculation of the weight coefficient Wk
(k=1, 2 .. . N) of the AD conversion compensation unit 13
performed by the second search engine 142 of the calibration
unit 14. Further, it also becomes possible to correctly con-
verge the weight calculation of the weight coefficient Xk
(k=1, 2 ... M) of the first DA conversion compensation unit
15 performed by the first search engine 141 of the calibration
unit 14.

Configuration of A/D Conversion Unit

FIG. 4 is a diagram showing the configuration of the A/D
conversion unit 10 for generating the AD conversion digital
signal bk and the dither digital signal dk in the electronic
system 1 according to the second embodiment shown in FIG.
3.

As shown in FIG. 4, the A/D conversion unit 10 is com-
prised of apipeline type A/D converter including a plurality of
cascaded AD conversion stages 101,102, ...,10N-1, 10N as
is well known. First, an analog input voltage VIN as an analog
input signal ADIN and a dither generation control signal
Dither_genl1 are supplied to a first AD conversion stage 101,
so that the most significant bit b1 of the N-bit AD conversion
digital signal bk and the most significant bit d1 of the N-bit
dither digital signal dk are generated from the first AD con-
version stage 101. Further, an analog residual signal gener-
ated from an output terminal of the first AD conversion stage
101 is supplied to an input terminal of a second AD conver-
sion stage 102, as an analog input voltage VIN. A dither
generation control signal Dither_gen?2 is supplied to the sec-
ond AD conversion stage 102, so that the second bit b2 of the
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N-bit AD conversion digital signal bk and the second bit d2 of
the N-bit dither digital signal dk are generated from the sec-
ond AD conversion stage 102. Similarly, a dither generation
control signal Dither_genN-1 is supplied to the (N-1)th AD
conversion stage 10N-1, so that the (N-1)th bit b,,, of the
N-bit AD conversion digital signal bk and the (N-1)th bitd,, ;
of the N-bit dither digital signal dk are generated from the
(N-1)th AD conversion stage 10N-1.

FIG. 4 also shows the configuration of each cascaded AD
conversion stage 101, 102, . . ., 10N-1, 10N. As shown in
FIG. 4, each AD conversion stage includes a sub-A/D con-
verter 10N-11, a sub-D/A converter 10N-12, a subtracter
10N-13, and an amplifier 10N-14. For example, in an
example of the (N-1)th stage, the analog input voltage VIN is
converted to a 1.5-bit AD conversion digital signal b,, | by the
sub-A/D converter 10N-11, and the 1.5-bit AD conversion
digital signal b,; ; is converted to an analog output signal by
the sub-D/A converter 10N-12. In the subtracter 10N-13, the
analog output signal of the sub-D/A converter 10N-12 is
subtracted from the analog input voltage VIN. The differen-
tial output signal of the subtracter 10N-13 is amplified by the
amplifier 10N-14 having a voltage gain of approximately
“2”, and an analog residual signal V, generated from an
output terminal of the amplifier 10N-14 is supplied to an
input terminal of the next AD conversion stage.

The (N-1)th AD conversion stage shown in FIG. 4 includes
a pseudorandom number generator 10N-15, a digital multi-
plier 10N-16, and a second sub-D/A converter 10N-17, in
order to generate the (N-1)th bit d., of the N-bit dither
digital signal dk in response to the 1.5-bit AD conversion
digital signal b, , and the dither generation control signal
Dither_genN-1. The pseudorandom number generator 10N-
15 generates a 1.5-bit dither digital signal d,, , in response to
the dither generation control signal Dither_genN-1 and the
1.5-bit AD conversion digital signal b, , generated from the
output terminal of the sub-A/D converter 10N-11. The digital
multiplier 10N-16 multiplies the (N-1)th bit d,, ; by a pre-
determined digital multiplier coefficient a,.,. The second
sub-D/A converter 10N-17 converts the digital multiplica-
tion output signal of the digital multiplier 10N-16 into a
dither analog output signal. In the subtracter 10N-13, the
dither analog output signal is further subtracted from the
analog input voltage VIN.

Operation of Sub-A/D Converter

FIG. 5 is a diagram for explaining the operation of gener-
ating the AD conversion digital signal b, ; and the dither
digital signal d,, ; of the (N-1)th AD conversion stage 10N-1
in the pipeline type A/D converter according to the second
embodiment shown in FIG. 4.

First, there is illustrated in FIG. 5 the conversion operation
of the analog input voltage VIN into the 1.5-bit AD conver-
sion digital signal b,,; by the sub-A/D converter 10N-11
included in the (N-1)th AD conversion stage 10N-1 of the
pipeline type A/D converter according to the second embodi-
ment shown in FIG. 4.

As shown in FIG. 5, the analog input voltage VIN is sorted
by the sub-A/D converter 10N-11 into three voltage ranges:
high-, medium-, and low-voltage ranges. That is, the high-
voltage range is defined as a voltage range between a positive
reference voltage V. and a positive Y4 reference voltage
Vx4, the medium-voltage range is defined as a voltage
range between the positive Y4 reference voltage Vg /4 and a
negative /4 reference voltage —V /4, and the low-voltage
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range is defined as a voltage range between the negative 4
reference voltage —V /4 and a negative reference voltage
~Vieer

If the sub-A/D converter 10N-11 determines that the ana-
log input voltage VIN falls within the high-voltage range
between the positive reference voltage V. and the positive
V4 reference voltage V./4, the sub-A/D converter 10N-11
generates the AD conversion digital signal b, ; of a high level
“1”. In this case, the pseudorandom number generator 10N-
15, the digital multiplier 10N-16, and the second sub-D/A
converter 10N-17 generate the dither digital signal d,,, of a
medium level “0” or the high level “1”, in response to the AD
conversion digital signal b, ; of the high level “1”.

Further, if the sub-A/D converter 10N-11 determines that
the analog input voltage VIN falls within the medium-voltage
range between the positive V4 reference voltage V/4 and
the negative Y4 reference voltage -V /4, the sub-A/D con-
verter 10N-11 generates the AD conversion digital signal
by, of the medium level “0”. In this case, the pseudorandom
number generator 10N-15, the digital multiplier 10N-16,
and the second sub-D/A converter 10N-17 generate the
dither digital signal d,, ; of a low level “~1”, the medium level
“0”, or the high level “1”, in response to the AD conversion
digital signal b, ; of the medium level “0”.

Further, if the sub-A/D converter 10N-11 determines that
the analog input voltage VIN falls within the low-voltage
range between the negative Y4 reference voltage -V /4 and
the negative reference voltage —V ., the sub-A/D converter
10N-11 generates the AD conversion digital signal b, , ofthe
low level “~1”. In this case, the pseudorandom number gen-
erator 10N-15, the digital multiplier 10N-16, and the second
sub-D/A converter 10N-17 generate the dither digital signal
d,. , ofthelow level “~1” or the medium level “0”, in response
to the AD conversion digital signal b,, ; of the low level “-1".

FIG. 6 is a diagram for explaining the analog residual
signal V_,,, the AD conversion digital signal by, ,, and the
dither digital signal d,., generated from the (N-1)th AD
conversion stage 10N-1 of the pipeline type A/D converter
according to the second embodiment shown in FIG. 4 in
response to the analog input voltage VIN.

As described with FIG. 5, if it is determined that the analog
input voltage VIN falls within the high-voltage range between
the positive reference voltage V- and the positive ¥ refer-
ence voltage V../4, the AD conversion digital signal b, ; of
the high level “1” and the dither digital signal d,., of the
medium level “0” or the high level “1” are generated. In the
case where the dither digital signal d,, , is the medium level
“0”, the voltage level of the analog residual signal V,, is
relatively high as shown by a thick solid line in the right
portion of FIG. 6. In the case where the dither digital signal
dy.; is the high level “1”, the voltage level of the analog
residual signal V_,, is relatively low as shown by a thick
broken line in the right portion of FIG. 6.

As described with FIG. 5, if it is determined that the analog
input voltage VIN falls within the medium-voltage range
between the positive Y4 reference voltage V,/4 and the
negative %4 reference voltage —Vygz/4, the AD conversion
digital signal by, of the medium level “0” and the dither
digital signal d,, ; ofthe low level “~17, the medium level “0”,
or the high level “1” are generated. In the case where the
dither digital signal d,,, is the low level “~1”, the voltage
level of the analog residual signal V,,, is relatively high as
shown by an upper thick broken line in the middle of FIG. 6.
In the case where the dither digital signal d,, , is the medium
level “0”, the voltage level of the analog residual signal V_,,,
is relatively medium as shown by a thick solid line in the
middle of FIG. 6. In the case where the dither digital signal
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dy.; is the high level “1”, the voltage level of the analog
residual signal V__, is relatively low as shown by a lower thick
broken line in the middle of FIG. 6.

Thus, according to the electronic system 1 according to the
second embodiment described with reference to FIGS. 3,4, 5,
and 6, it becomes possible to enhance the convergence speed
of'weight calculation performed by the first search engine 141
and the second search engine 142 of the calibration unit 14 in
the case where the DA conversion analog output signal
DAOUT of the D/A conversion unit 11 is the DC voltage or
the low-frequency voltage. This is because the weight calcu-
lation by the first search engine 141 and the second search
engine 142 of the calibration unit 14 is activated in response
to the N-bit dither digital signal dk generated from the A/D
conversion unit 10 even in the case where the DA conversion
analog output signal DAOUT ofthe D/A conversion unit 11 is
the DC voltage or the low-frequency voltage.

The compensation operation in the AD conversion com-
pensationunit 13 according to the second embodiment shown
in FIG. 3 is the operation of the inner product of the weight
coefficient Wk and a signal (bk+akdk) obtained by adding the
digital signal and the dither digital signal, instead of the inner
product of the weight coefficient Wk and the digital signal bk
as in the first embodiment of FIG. 1. Further, the weight
calculation convergence technique using dither according to
the second embodiment differs from the well-known “dither
technique” of applying random noise to an analog original
input signal in order to reduce quantization errors of a sigma-
delta A/D converter or the like.

Another Configuration of A/D Conversion Unit

FIG. 7 is a diagram showing another configuration of the
A/D conversion unit 10 for generating the AD conversion
digital signal bk and the dither digital signal dk in the elec-
tronic system 1 according to the second embodiment shown
in FIG. 3.

The A/D conversion unit 10 according to the second
embodiment shown in FIG. 7 is comprised of a successive
comparison type A/D converter instead of the pipeline type
A/D converter shown in FIG. 4. Accordingly, the A/D con-
version unit 10 configured in the form of the successive com-
parison type A/D converter shown in FIG. 7 according to the
second embodiment is configured with an analog comparator
10A, a controller 10B, and a sub-D/A converter 10C. The
analog input signal ADIN is supplied to a non-inverting input
terminal of the analog comparator 10A, and an analog feed-
back voltage generated from the sub-D/A converter 10C is
supplied to an inverting input terminal of the analog compara-
tor 10A.

The analog comparator 10A, the controller 10B, and the
sub-D/A converter 10C in the successive comparison type
A/D converter perform successive comparison between the
analog input signal ADIN and the analog feedback voltage, so
that the N-bit AD conversion digital signals b, b,, b; ... by,
b, are stored in the controller 10B.

In order that the A/D conversion unit 10 configured in the
form of the successive comparison type A/D converter
according to the second embodiment shown in FIG. 7 gener-
ates the N-bit AD conversion digital signal bk and the N-bit
dither digital signal dk, a pseudorandom number generator
10D, a digital multiplier 10E, a second sub-D/A converter
10G, and an adder 10H are added to the A/D conversion unit
10.

The N-bit AD conversion digital signals b, b,, b, . . .,
ba.1, by generated from the controller 10B are supplied not
only to the sub-D/A converter 10C but also to the pseudoran-
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dom number generator 10D. Accordingly, the pseudorandom
number generator 10D generates the N-bit dither digital sig-
nalsd,,d,,d;...d,.;, dyin response to the dither generation
control signal Dither_gen and the N-bit AD conversion digital
signals by, b,, by . . . by, by, generated from the controller
10B. Accordingly, the digital multiplier 10E multiplies the
N-bit dither digital signals d,, d,, d; . . . d,.;, d\, by N prede-
termined digital multiplier coefficients o, to generate digital
multiplication output signals. The second sub-D/A converter
10G converts the digital multiplication output signals of the
digital multiplier 10E into a dither analog output signal, the
adder 10H adds the analog feedback voltage of the sub-D/A
converter 10C and the dither analog output signal of the
second sub-D/A converter 10G, and the addition signal of the
adder 10H is supplied to the inverting input terminal of the
analog comparator 10A.

The A/D conversion unit 10 comprised of the pipeline type
A/D converter according to the second embodiment shown in
FIG. 4 generates the N-bit AD conversion digital signal bk
and the N-bit dither digital signal dk by the pipeline A/D
conversion operation by the AD conversion stages 101,
102, ..., 10N-1, 10N.

On the other hand, the A/D conversion unit 10 according to
the second embodiment shown in FIG. 7 generates the N-bit
AD conversion digital signal bk and the N-bit dither digital
signal dk by the successive comparison type A/D conversion
operation using the analog comparator 10A, the controller
10B, the sub-D/A converter 10C, the pseudorandom number
generator 10D, the digital multiplier 10E, the second sub-D/A
converter 10G, and the adder 10H.

Third Embodiment
Configuration of Electronic System

FIG. 8 is a diagram showing the configuration of an elec-
tronic system 1 according to the third embodiment.

The electronic system 1 according to the third embodiment
shown in FIG. 8 differs from the electronic system 1 accord-
ing to the second embodiment shown in FIG. 3 in the follow-
ing respect.

That is, in the electronic system 1 according to the third
embodiment shown in FIG. 8, the second DA conversion
compensation unit 16 and the selector unit 17 included in the
electronic system 1 according to the second embodiment
shown in FIG. 3 are removed, and instead a calibration value
calculation unit 16 A and a control register 16B are added.

Accordingly, the calibration value calculation unit 16 A and
the control register 16B added to the electronic system 1
according to the third embodiment shown in FIG. 8 generates
a weight coefficient Yk (k=1, 2 . . . M) for compensating for
the non-linearity of the D/A conversion unit 11 in response to
the weight coefficient Xk (k=1, 2 . . . M) generated from the
first search engine 141 of the calibration unit 14. Conse-
quently, the weight coefficient Yk (k=1, 2 . . . M) for com-
pensating for the non-linearity of the D/A conversion unit 11
generated from the calibration value calculation unit 16 A and
the control register 16B is directly supplied to the D/A con-
version unit 11.

As a result, during the normal operation period after the
calibration operation period, the weight coefficient Yk (k=1,
2 ...M) supplied from the calibration value calculation unit
16A and the control register 16B to the D/A conversion unit
11 compensates for the non-linearity of the D/A conversion
unit 11.

On the other hand, during the calibration operation period,
in the electronic system 1 according to the third embodiment
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shown in FIG. 8, the non-linearity of the D/A conversion unit
11 is compensated for by the operating characteristic of the
first DA conversion compensation unit 15, in the same way as
in the first and second embodiments.

The DA conversion analog output signal DAOUT in the
case where the non-linearity is not compensated for by not
supplying the weight coefficient Yk (k=1, 2 .. . M) generated
from the calibration value calculation unit 16 A and the con-
trol register 16B to the D/A conversionunit 11 is expressed by
the following equation (6).

M (6)
DAOUT = Z X Dy
k=1

On the other hand, the DA conversion analog output signal
DAOUT in the case where the non-linearity is compensated
for by supplying the weight coefficient Yk (k=1,2 . . . M)
generated from the calibration value calculation unit 16 A and
the control register 16B to the D/A conversion unit 11 is
expressed by the following equation (7).

M )
DAOUT = Z (X, +Y)- Dy
k=1

During the calibration operation period, in order that the
DA conversion analog output signal DAOUT in the case
where the non-linearity is compensated for calculated by the
equation (7) becomes equal to the ideal value Valuel of the
DA conversion analog output signal DAOUT of the D/A
conversion unit 11 calculated by the equation (3), the calibra-
tion value calculation unit 16 A calculates the weight coeffi-
cient Yk (k=1, 2 . . . M) in accordance with the following
equation (8).

1 ®)

Configuration of D/A Conversion Unit Having
Non-Linearity Compensated for

FIG. 9 is a diagram showing the configuration of the D/A
conversion unit 11 whose non-linearity is compensated for by
supplying the weight coefficient Yk (k=1, 2 .. . M) generated
from the calibration value calculation unit 16 A and the con-
trol register 16B to the D/A conversion unit 11 in the elec-
tronic system 1 according to the third embodiment shown in
FIG. 8.

As shown in FIG. 9, the D/A conversion unit 11 is config-
ured with a plurality of weighted current sources 11Al,
11B1 ... 11C1, a plurality of switches 11A2, 11B2 ... 11C2
to which the digital values D1, D2 .. . DM of the DA conver-
sion digital input signal DAIN are supplied, an operational
amplifier 11D, and a feedback resistor 11E so as to configure
a binary type D/A converter. That is, the current source 11A1
of the most significant bit is weighted so as to pass a maxi-
mum current 2’1, ..., the current source 11B1 of the second
bitis weighted so as to pass a second current 221, .., and the
current source 11C1 of'the least significant bit is weighted so
as to pass a minimum current [ ..
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The on/off states of the switches 11A2,11B2 ... 11C2 are
determined in response to the digital values D1, D2 ... DM of
the DA conversion digital input signal DAIN, so that a DA
conversion analog current which flows through the feedback
resistor 11E is determined. The voltage value of the DA
conversion analog output signal DAOUT of the D/A conver-
sion unit 11 is determined by the product of the resistance
value of the feedback resistor 11E and the current value of the
DA conversion analog current.

However, in the D/A conversion unit 11 comprised of the
binary type D/A converter configured as described above, the
current values of the current sources 11A1, 11B1 . . . 11C1
often have errors from ideal weighting, which causes the
non-linearity of D/A conversion of the D/A conversion unit
11.

In order to compensate for the non-linearity of the D/A
conversion unit 11, a plurality of compensating current
sources 11A3, 11B3 . . . 11C3 are added to the D/A conver-
sion unit 11 shown in FIG. 9. Although FIG. 9 shows only the
configuration of the compensating current source 11A3 of the
most significant bit for the sake of simplicity, the other com-
pensating current sources 11B3 . .. 11C3 are configured in the
same manner as the compensating current source 11A3 of the
most significant bit. The compensating current source 11A3
of the most significant bit is configured with a plurality of
equally weighted current sources for passing a reference cur-
rent I .- and a plurality of switches controlled based on the
first coefficient Y1 (multiple bits) of the weight coefficient
Yk. The second coefficient Y2 (multiple bits) of the weight
coefficient Yk is supplied to the compensating current source
11B3 of the second bit, and the last coefficient Y, , (multiple
bits) of the weight coefficient Yk is supplied to the last com-
pensating current source 11C3.

According to the electronic system 1 according to the third
embodiment described with reference to FIGS. 8 and 9, the
weight coefficient Yk is obtained by the equation (8) using the
weight coefficient Xk obtained after the calibration operation,
and the non-linearity of the D/A conversion unit 11 is com-
pensated for by the weight coefficient Yk supplied from the
calibration value calculation unit 16 A and the control register
16B to the D/A conversion unit 11.

According to the electronic system 1 according to the third
embodiment described with reference to FIGS. 8 and 9, even
during the normal operation period after the calibration
operation period, the non-linearity of'the D/A conversion unit
11 is compensated for by the weight coefficient Yk (k=1,
2 ...M) supplied from the calibration value calculation unit
16A and the control register 16B to the D/A conversion unit
11. Further, even during the normal operation period, the
non-linearity of the A/D conversion unit 10 is cancelled by the
operating characteristic of the AD conversion compensation
unit 13.

Fourth Embodiment
Configuration of Electronic System

FIG. 10 is a diagram showing the configuration of an elec-
tronic system 1 according to the fourth embodiment.

The electronic system 1 according to the fourth embodi-
ment shown in FIG. 10 differs from the electronic system 1
according to the second embodiment shown in FIG. 3 in the
following respect.

That is, in the electronic system 1 according to the fourth
embodiment shown in FIG. 10, the first DA conversion com-
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pensation unit 15 and the selector unit 17 included in the
electronic system 1 according to the second embodiment
shown in FIG. 3 are removed.

Accordingly, during the calibration operation period, the
calibration unit 14 operates so that the difference between the
digital value Dk (k=1, 2 . . . M) of the M-bit DA conversion
digital input signal DAIN and the AD conversion compensa-
tion digital output signal from the AD conversion compensa-
tion unit 13 supplied to the subtraction unit 140 of the cali-
bration unit 14 becomes substantially zero. That is, the first
search engine 141 and the second search engine 142 respond
to the error output signal “e” of the subtraction unit 140 of the
calibration unit 14, so that the operating characteristic of the
second DA conversion compensation unit 16 and the operat-
ing characteristic of the AD conversion compensation unit 13
are determined. More specifically, the operating characteris-
tic of the second DA conversion compensation unit 16 is
determined by the first search engine 141 so as to cancel the
non-linearity of DA conversion of the D/A conversion unit 11
as the reference D/A conversion unit, and the operating char-
acteristic of the AD conversion compensation unit 13 is deter-
mined by the second search engine 142 so as to cancel the
non-linearity of AD conversion ofthe A/D conversion unit 10.
That is, the operating characteristic of the AD conversion
compensation unit 13 corresponds to the reverse direction
conversion of the non-linearity of AD conversion of the A/D
conversion unit 10, whereas the operating characteristic of the
second DA conversion compensation unit 16 corresponds to
the reverse direction conversion of the non-linearity of DA
conversion of the D/A conversion unit 11. Accordingly, the
first search engine 141 and the second search engine 142
respond to the error output signal “e” of the subtraction unit
140, so that the compensation digital value D'k (k=1,2 ... M)
of the second DA conversion compensation unit 16 is deter-
mined by the first search engine 141, and the weight coeffi-
cient Wk (k=1, 2. . . N) of the AD conversion compensation
unit 13 is determined by the second search engine 142.

Further, in the electronic system 1 according to the fourth
embodiment shown in FIG. 10, even during the normal opera-
tion period after the calibration operation period, the operat-
ing characteristic of the second DA conversion compensation
unit 16 cancels the non-linearity of DA conversion of the D/A
conversion unit 11. That is, the second DA conversion com-
pensation unit 16 determines the operating characteristic of
the second DA conversion compensation unit 16 by using the
weight coefficient Xk (k=1, 2 . . . M) stored in the internal
register. That is, the operating characteristic of the second DA
conversion compensation unit 16 corresponds to the reverse
direction conversion of the non-linearity of DA conversion of
the D/A conversion unit 11.

That is, the second DA conversion compensation unit 16
generates the compensation digital value D'k (k=1,2...M)
by using the digital value Dk (k=1, 2 . . . M) of the DA
conversion digital input signal DAIN and the weight coeffi-
cient Xk (k=1, 2 ... M) stored in the internal register. More
specifically, the compensation digital value D'’k (k=1,2... M)
from the second DA conversion compensation unit 16 is
generated by reverse direction conversion of the digital value
Dk (k=1, 2 ... M) of the DA conversion digital input signal
DAIN by the non-linearity of DA conversion of the D/A
conversion unit 11. Therefore, during the calibration opera-
tion period and the subsequent normal operation period, the
operating characteristic of the second DA conversion com-
pensation unit 16 cancels the non-linearity of DA conversion
of the D/A conversion unit 11. Therefore, even though the
low-precision D/A conversion unit 11 is used, the high-pre-
cision DA conversion analog output signal DAOUT can be
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generated via the DA conversion output switch 18 from the
output terminal of the D/A conversion unit 11.

Further, in the electronic system 1 according to the fourth
embodiment shown in FIG. 10 as well as in the electronic
system 1 described with reference to FIGS. 1 and 2, the
second DA conversion compensation unit 16 operates at least
M times faster than the D/A conversion unit 11.

Fifth Embodiment
Configuration of Electronic System

FIG. 11 is a diagram showing the configuration of an elec-
tronic system 1 according to the fifth embodiment.

The electronic system 1 according to the fifth embodiment
shown in FIG. 11 differs from the electronic system 1 accord-
ing to the second embodiment shown in FIG. 3 in the follow-
ing respect.

That is, in the electronic system 1 according to the fourth
embodiment shown in FIG. 10, the A/D conversion unit 10
does not generate the dither digital signal dk for improving
the convergence speed of weight calculation performed by
the calibration unit 14 as in the electronic system 1 according
to the second embodiment shown in FIG. 3, but the D/A
conversion unit 11 generates a dither analog output signal.

That is, in the electronic system 1 according to the fifth
embodiment in FIG. 11, during the calibration operation
period, the D/A conversion unit 11 generates the dither analog
output signal, thereby making it possible to improve the con-
vergence speed of weight calculation performed by the first
search engine 141 and the second search engine 142 of the
calibration unit 14.

On the other hand, in the electronic system 1 according to
the fifth embodiment in FIG. 11, during the normal operation
period after the calibration operation period, the D/A conver-
sion unit 11 stops the generation of the dither analog output
signal.

Configuration of D/A Conversion Unit for
Generating Dither Analog Output Signal

FIG. 12 is a diagram showing the configuration of the D/A
conversion unit 11 for generating the dither analog output
signal in response to the dither generation control signal
Dither_gen in the electronic system 1 according to the fifth
embodiment shown in FIG. 11.

As shown in FIG. 12, the D/A conversion unit 11 is con-
figured with a plurality of weighted current sources 11A1,
11B1 . ..11C1, a plurality of switches 11A2, 11B2 .. . 11C2
to which the digital values D1, D2 . . . DM of the DA conver-
sion digital input signal DAIN are supplied, an operational
amplifier 11D, and a feedback resistor 11E so as to configure
a binary type D/A converter. That is, the current source 11A1
of the most significant bit is weighted so as to pass a maxi-
mum current 21, ..., the current source 11B1 of the second
bitis weighted so as to pass a second current 221, .., and the
current source 11C1 of the least significant bit is weighted so
as to pass a minimum current [

The on/off states of the switches 11A2,11B2 ... 11C2 are
determined in response to the digital values D1, D2 ... DM of
the DA conversion digital input signal DAIN, so that a DA
conversion analog current which flows through the feedback
resistor 11E is determined. The voltage value of the DA
conversion analog output signal DAOUT of the D/A conver-
sion unit 11 is determined by the product of the resistance
value of the feedback resistor 11E and the current value of the
DA conversion analog current.
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The D/A conversion unit 11 further includes a pseudoran-
dom number generator 11G and a dither analog current gen-
eration unit 11F, in order to generate the dither analog output
signal. The pseudorandom number generator 11G generates
M-bit dither digital signals d,, d, . . . d,, in response to the
dither generation control signal Dither_gen and the digital
value Dk (k=1, 2 . . . M) of the DA conversion digital input
signal DAIN as necessary during the calibration operation
period.

The dither analog current generation unit 11F is configured
with a plurality of dither current sources 11A4,11B4 ... 11C4
weighted by digital multiplier coefficients o, o, . . . o ,and
a plurality of switches 11A3, 11B3 . . . 11C3 to which the
M-bit dither digital signals d,, d, . . . d,, are supplied.

During the normal operation period after the calibration
operation period, the dither generation control signal Dither_
gen is at the low level, which deactivates the pseudorandom
number generator 11G, so that the M-bit dither digital signals
d,,d,...d,, areall “0”. Therefore, the DA conversion analog
output signal DAOUT of the D/A conversion unit 11 does not
include the analog current component of the dither analog
current generation unit 11F.

Sixth Embodiment

FIG. 13 is a diagram showing the configuration of an RF
analog semiconductor integrated circuit 1 according to the
sixth embodiment used in a wireless LAN.

The RF analog semiconductor integrated circuit 1 shown in
FIG. 13 can be used in a LAN terminal of the wireless LAN
and in an access point hub as a communication partner of the
LAN terminal. An antenna switch 132 is coupled to an
antenna 131. The supply of an RF reception input signal from
the antenna 131 to a receiver system and the supply of an RF
transmission output signal from a transmitter system to the
antenna 131 are performed by time division multiplexing
access (IDMA).

A direct downconversion receiver system RF Rx of the RF
analog semiconductor integrated circuit 1 shown in FIG. 13
supports a frequency band of about 5 GHz (5.15 t0 5.35 GHz)
based on the IEEE802.11a standard. Accordingly, the direct
downconversion receiver system RF Rx is configured with a
low noise amplifier 1324, a reception mixer 1325, program-
mable gain amplifiers 1326 and 1328 and a low-pass filter
1327. Analog reception baseband signals Rx_I and Rx_Q
generated by the direct downconversion receiver system RF
Rx are supplied to input terminals of a reception A/D con-
verter Rx_A/D, and digital reception baseband signals gen-
erated from output terminals of the reception A/D converter
Rx_A/D are supplied to a baseband processing unit (not
shown).

Digital transmission baseband signals generated from the
baseband processing unit (not shown) are supplied to input
terminals of a transmission D/A converter Tx_D/A, and ana-
log transmission baseband signals Tx_I and Tx_Q are gener-
ated from output terminals of the transmission D/A converter
Tx_D/A. The analog transmission baseband signals Tx_I and
Tx_Q are converted by a direct upconversion transmitter sys-
tem RF Tx into the frequency band of about 5 GHz based on
the IEEE802.11a standard. The direct upconversion transmit-
ter system RF Tx is configured with a low-pass filter 1332, a
transmission mixer 1333 and a driver amplifier 1335 to sup-
port the frequency band of about 5 GHz based on the
IEEE802.11a standard. An RF power amplifier 1336 and a
bandpass filter BPF are coupled to an output terminal of the
driver amplifier 1335 outside the RF analog semiconductor
integrated circuit 1. Further, a surface acoustic wave filter 133
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is coupled to the input of the low noise amplifier 24 outside
the RF analog semiconductor integrated circuit 1.

Reception local signals supplied to the reception mixer
1325 of the RF analog semiconductor integrated circuit 1 and
transmission local signals supplied to the transmission mixer
1333 are generated from a ZA fractional PLL frequency syn-
thesizer 1330. A system reference frequency oscillator
(TCXO) 1339 is coupled to the PLL frequency synthesizer
1330, and a crystal resonator 1340 is coupled to the system
reference frequency oscillator 1339 outside the RF analog
semiconductor integrated circuit 1.

Further, the system reference frequency oscillator (TCXO)
1339 may be formed outside the RF analog semiconductor
integrated circuit 1, and a clock buffer may be formed inside
the RF analog semiconductor integrated circuit 1. The clock
buffer lying inside the integrated circuit receives a system
reference frequency clock signal generated from the system
reference frequency oscillator (TCX0O) 1339 outside the inte-
grated circuit and supplies the clock signal to the EA frac-
tional PLL frequency synthesizer 1330 provided inside the
integrated circuit.

The D/A conversion unit 11 and the A/D conversion unit 10
according to any one of the first to fifth embodiments are used
as the two D/A converters of the transmission D/A converter
Tx_D/A and the two A/D converters of the reception A/D
converter Rx_A/D respectively integrated in the RF analog
semiconductor integrated circuit 1 according to the sixth
embodiment shown in FIG. 13.

Therefore, in the RF analog semiconductor integrated cir-
cuit 1 according to the sixth embodiment shown in FIG. 13,
the compensation operation of the non-linearity of the D/A
conversion unit 11 and the compensation operation of the
non-linearity of the A/D conversion unit 10 according to any
one of the first to fifth embodiments are performed.

Seventh Embodiment

FIG. 14 is a diagram showing the configuration of a semi-
conductor integrated circuit 1 according to the seventh
embodiment configured as a single-chip microcomputer.

The semiconductor integrated circuit 1 according to the
seventh embodiment configured as the single-chip micro-
computer shown in FIG. 14 includes a CPU core 1410, a
peripheral core 1420, and an analog core 1430.

The CPU core 1410 includes a processing unit 1411 having
a central processing unit (CPU), a floating point unit (FPU),
and a digital multiplier (MULT), an embedded nonvolatile
memory 1412, an embedded volatile memory 1413, and an
internal source voltage supply circuit 1414. The CPU core
1410 further includes an internal address bus Int_Adr Bus
and an internal data bus Int_Dt_Bus. The embedded nonvola-
tile memory 1412 is comprised of an on-chip flash memory,
and the embedded volatile memory 1413 is comprised of an
on-chip RAM (Random Access Memory).

The peripheral core 1420 and the analog core 1430 are
coupled to the internal address bus Int_Adr_Bus and the
internal data bus Int_Dt_Bus of the CPU core 1410.

As shown in FIG. 14, the peripheral core 1420 includes a
direct memory access controller 1421, a bus state controller
1422, an interrupt controller 1423, a timer 1424, a controller
area network 1425, an external port 1426, and a serial com-
munication interface 1427.

The direct memory access controller 1421 directly trans-
fers data between the embedded volatile memory 1413 and a
memory or an input/output device (I/O) outside the semicon-
ductor integrated circuit 1 in accordance with an instruction
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from the central processing unit (CPU), so that the central
processing unit (CPU) can execute other tasks during the data
transfer.

The bus state controller 1422 can access an external
memory such as an SRAM or a ROM coupled to the semi-
conductor integrated circuit 1, via a peripheral address bus
Ph_Adr_Bus, a peripheral databus Ph_Dt_Bus, and the exter-
nal port 1426.

The interrupt controller 1423 supplies an interrupt request
from an external input/output device or an external peripheral
device coupled to the semiconductor integrated circuit 1 to
the central processing unit (CPU). The external interrupt
request is supplied to the interrupt controller 1423 via the
external port 1426 and the peripheral data bus Ph_Dt_Bus. In
response to the interrupt request from the interrupt controller
1423, the central processing unit (CPU) interrupts normal
processing currently being executed, and then executes inter-
rupt processing. After the completion of the interrupt process-
ing, the central processing unit (CPU) resumes the normal
processing.

The timer 1424 is a hardware timing device such as a
watchdog timer. For example, the timer 1424 performs time
measurement for time-out processing, and exception process-
ing such as a system reset is performed when processing by
the central processing unit (CPU) hangs up.

The controller area network 1425 is used to transfer infor-
mation such as a speed, an engine speed, the state of a brake,
fault diagnosis in an automobile, designed in consideration of
enhancement of noise immunity, and used to transfer data
between interconnected devices. Furthermore, the controller
area network 1425 is widely used to transfer device control
information, and also can be used in transport equipment,
factories, and robots such as machine tools.

The external port 1426 is used to access the external
devices of the semiconductor integrated circuit 1 as described
above.

The serial communication interface 1427 enables serial
data communications with the external devices of the semi-
conductor integrated circuit 1.

An analog-digital converter (ADC) 1431 of the analog core
1430 converts an analog signal supplied from outside the
semiconductor integrated circuit 1 into a digital signal, which
is supplied to the CPU core 1410 via the peripheral data bus
Ph_Dt_Bus and the direct memory access controller 1421 or
the bus state controller 1422.

A digital-analog converter (DAC) 1432 of the analog core
1430 converts a digital signal generated from the CPU core
1410 into an analog signal, which is supplied to outside the
semiconductor integrated circuit 1.

The A/D conversion unit 10 and the D/A conversionunit 11
according to any one of the first to fifth embodiments are used
as the analog-digital converter (ADC) 1431 and the digital-
analog converter (DAC) 1432 respectively formed in the
semiconductor integrated circuit 1 according to the seventh
embodiment configured as the single-chip microcomputer
shown in FIG. 14.

Therefore, in the semiconductor integrated circuit 1 con-
figured as a single-chip microcomputer according to the sev-
enth embodiment shown in FIG. 14, the compensation opera-
tion of the non-linearity of the D/A conversion unit 11 and the
compensation operation of the non-linearity of the A/D con-
version unit 10 according to any one of the first to fifth
embodiments are performed.

While the invention made above by the present inventors
has been described specifically based on the illustrated
embodiments, the present invention is not limited thereto. Itis
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needless to say that various changes and modifications can be
made thereto without departing from the spirit and scope of
the invention.

For example, the dither signals according the above
embodiments can use not only random signals such as pseu-
dorandom numbers and random numbers but also regular
signals such as periodic signals and other signals.

For example, the electronic system 1 in which the compen-
sation operation of the non-linearity of the D/A conversion
unit 11 and the compensation operation of the non-linearity of
the A/D conversion unit 10 are performed can be imple-
mented by mounting a plurality of semiconductor integrated
circuits over a printed circuit board.

For example, the electronic system 1 in which the compen-
sation operation of the non-linearity of the D/A conversion
unit 11 and the compensation operation of the non-linearity of
the A/D conversion unit 10 are performed is not limited to the
RF analog semiconductor integrated circuit and the single-
chip microcomputer, and can be applied to other semiconduc-
tor integrated circuits, for example to a system L.SI and a
system-on-chip used for a variety of purposes.

What is claimed is:

1. An electronic system comprising:

an A/D conversion unit;

a D/A conversion unit;

an AD conversion compensation unit;

a DA conversion compensation unit; and

a calibration unit,

wherein during a calibration operation period, a calibration
digital input signal is supplied to the DA conversion
compensation unit, and either the calibration digital
input signal or a DA conversion compensation calibra-
tion digital output signal generated from the DA conver-
sion compensation unit is supplied to an input terminal
of the D/A conversion unit,

wherein during the calibration operation period, a calibra-
tion analog signal generated from an output terminal of
the D/A conversion unit can be supplied to an input
terminal of the A/D conversion unit, and a calibration
digital output signal generated from an output terminal
of'the A/D conversion unit is supplied to an input termi-
nal of the AD conversion compensation unit,

wherein during the calibration operation period, either the
calibration digital input signal or the DA conversion
compensation calibration digital output signal is sup-
plied to one input terminal of the calibration unit, and an
AD conversion compensation calibration digital output
signal generated from the AD conversion compensation
unit is supplied to the other input terminal of the cali-
bration unit,

wherein during the calibration operation period, the cali-
bration unit sets an operating characteristic of the AD
conversion compensation unit and an operating charac-
teristic of the DA conversion compensation unit in
response to the signal supplied to the one input terminal
of'the calibration unit and the signal supplied to the other
input terminal of the calibration unit,

wherein the operating characteristic of the AD conversion
compensation unit set during the calibration operation
period compensates for non-linearity of AD conversion
of the A/D conversion unit, and

wherein the operating characteristic of the DA conversion
compensation unit set during the calibration operation
period compensates for non-linearity of DA conversion
of the D/A conversion unit.
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2. The electronic system according to claim 1,

wherein the DA conversion compensation unit comprises a
first DA conversion compensation unit and a second DA
conversion compensation unit,
wherein during the calibration operation period, the cali-
bration digital input signal is supplied to an input termi-
nal of the first DA conversion compensation unit, and
thereby the DA conversion compensation calibration
digital output signal generated from an output terminal
of'the first DA conversion compensation unit is supplied
to the one input terminal of the calibration unit,

wherein an operating characteristic of the first DA conver-
sion compensation unit set by the calibration unit during
the calibration operation period emulates the non-linear-
ity of the DA conversion of the D/A conversion unit
during the calibration operation period,
wherein during a normal operation period after the calibra-
tion operation period, a digital input signal is supplied to
an input terminal of the second DA conversion compen-
sation unit, and thereby a digital compensation output
signal generated from an output terminal of the second
DA conversion compensation unit is supplied to the
input terminal of the D/A conversion unit, and

wherein an operating characteristic of the second DA con-
version compensation unit set by the calibration unit
based on a calibration result during the calibration
operation period substantially cancels the non-linearity
of the DA conversion of the D/A conversion unit.
3. The electronic system according to claim 2,
wherein during the calibration operation period and the
normal operation period, the operating characteristic of
the AD conversion compensation unit substantially can-
cels the non-linearity of the AD conversion of the AD
conversion unit.
4. The electronic system according to claim 3, further
comprising a selector unit having a first input terminal, a
second input terminal, and an output terminal,
wherein during the calibration operation period, the cali-
bration digital input signal is supplied to the first input
terminal of the selector unit, and the calibration digital
input signal transferred to the output terminal of the
selector unit is supplied to the input terminal of the D/A
conversion unit, and
wherein during the normal operation period, the digital
compensation output signal generated from the output
terminal of the second DA conversion compensation
unit is supplied to the second input terminal of the selec-
tor unit, and the digital compensation output signal
transferred to the output terminal of the selector unit is
supplied to the input terminal of the D/A conversion
unit.
5. The electronic system according to claim 4,
wherein the calibration unit comprises a subtraction unit, a
first search engine, and a second search engine,

wherein the subtraction unit calculates a difference
between the signal supplied to the one input terminal of
the calibration unit and the signal supplied to the other
input terminal,

wherein the first search engine sets the operating charac-

teristic of the first DA conversion compensation unit and
the operating characteristic of the second DA conversion
compensation unit, in response to an output signal of'the
subtraction unit, and

wherein the second search engine sets the operating char-

acteristic of the AD conversion compensation unit, in
response to the output signal of the subtraction unit.
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6. The electronic system according to claim 5,

wherein either the A/D conversion unit or the D/A conver-
sion unit generates a dither output signal for enhancing a
convergence of calculation operation of the first search
engine and the second search engine of the calibration
unit.

7. The electronic system according to claim 6,

wherein the A/D conversion unit which generates the dither
output signal is comprised of either a pipeline type A/D
converter or a successive comparison type A/D con-
verter.

8. The electronic system according to claim 1,

wherein the DA conversion compensation unit comprises a
first DA conversion compensation unit and a second DA
conversion compensation unit,

wherein during the calibration operation period, the cali-
bration digital input signal is supplied to an input termi-
nal of the first DA conversion compensation unit, and
thereby the DA conversion compensation calibration
digital output signal generated from an output terminal
of'the first DA conversion compensation unit is supplied
to the one input terminal of the calibration unit,

wherein an operating characteristic of the first DA conver-
sion compensation unit set by the calibration unit during
the calibration operation period emulates the non-linear-
ity of the DA conversion of the D/A conversion unit, and

wherein during a normal operation period after the calibra-
tion operation period, the second DA conversion com-
pensation unit substantially cancels the non-linearity of
the DA conversion of the D/A conversion unit.

9. The electronic system according to claim 8,

wherein the D/A conversion unit is comprised of a binary
type D/A converter, and a weight error of the binary type
D/A converter is reduced by an output signal of the
second DA conversion compensation unit in order to
substantially cancel the non-linearity of the DA conver-
sion of the D/ A conversion unit during the normal opera-
tion period.

10. The electronic system according to claim 1,

wherein during the calibration operation period and a nor-
mal operation period, the operating characteristic of the
DA conversion compensation unit substantially cancels
the non-linearity of the DA conversion of the DA con-
version unit.

11. The electronic system according to claim 6,

wherein the DA conversion unit which generates the dither
output signal is comprised of a binary type D/A con-
verter having a dither analog current generation unit for
generating a dither analog output signal.

12. The electronic system according to claim 1,

wherein the A/D conversion unit, the D/A conversion unit,
the AD conversion compensation unit, the DA conver-
sion compensation unit, and the calibration unit in the
electronic system are integrated in a semiconductor inte-
grated circuit.

13. The electronic system according to claim 12,

wherein the semiconductor integrated circuit is an RF ana-
log semiconductor integrated circuit,

wherein the A/D conversion unit is a reception A/D con-
verter of the RF analog semiconductor integrated circuit,
and

wherein the D/A conversion unit is a transmission D/A
converter of the RF analog semiconductor integrated
circuit.
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14. The electronic system according to claim 12,

wherein the semiconductor integrated circuit is a micro-
computer in which a central processing unit core and an
analog core are integrated, and

wherein the analog core comprises the A/D conversion unit

and the D/A conversion unit.
15. An operating method of an electronic system compris-
ing an A/D conversion unit, a D/A conversion unit, an AD
conversion compensation unit, a DA conversion compensa-
tion unit, and a calibration unit, the method comprising the
steps of:
during a calibration operation period, supplying a calibra-
tion digital input signal to the DA conversion compen-
sation unit, and supplying either the calibration digital
input signal or a DA conversion compensation calibra-
tion digital output signal generated from the DA conver-
sion compensation unit to an input terminal of the D/A
conversion unit;
during the calibration operation period, supplying a cali-
bration analog signal generated from an output terminal
of the D/A conversion unit to an input terminal of the
A/D conversion unit, and supplying a calibration digital
output signal generated from an output terminal of the
A/D conversion unit to an input terminal of the AD
conversion compensation unit;
during the calibration operation period, supplying either
the calibration digital input signal or the DA conversion
compensation calibration digital output signal is sup-
plied to one input terminal of the calibration unit, and
supplying an AD conversion compensation calibration
digital output signal generated from the AD conversion
compensation unit to the other input terminal of the
calibration unit;
during the calibration operation period, setting, by the cali-
bration unit, sets an operating characteristic of the AD
conversion compensation unit and an operating charac-
teristic of the DA conversion compensation unit in
response to the signal supplied to the one input terminal
and the signal supplied to the other input terminal,

wherein the operating characteristic of the AD conversion
compensation unit set during the calibration operation
period compensates for non-linearity of AD conversion
of the A/D conversion unit, and

wherein the operating characteristic of the DA conversion

compensation unit set during the calibration operation
period compensates for non-linearity of DA conversion
of the D/A conversion unit.

16. The operating method of the electronic system accord-
ing to claim 15,

wherein the DA conversion compensation unit comprises a

first DA conversion compensation unit and a second DA
conversion compensation unit,

wherein the method further comprises the steps of:

during the calibration operation period, supplying the cali-

bration digital input signal to an input terminal of the
first DA conversion compensation unit, thereby supply-
ing the DA conversion compensation calibration digital
output signal generated from an output terminal of the
first DA conversion compensation unit to the one input
terminal of the calibration unit,

wherein an operating characteristic of the first DA conver-

sion compensation unit set by the calibration unit during
the calibration operation period emulates the non-linear-
ity of the DA conversion of the D/A conversion unit
during the calibration operation period,

wherein during a normal operation period after the calibra-

tion operation period, a digital input signal is supplied to
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an input terminal of the second DA conversion compen-
sation unit, and thereby a digital compensation output
signal generated from an output terminal of the second
DA conversion compensation unit is supplied to the
input terminal of the D/A conversion unit, and

wherein an operating characteristic of the second DA con-
version compensation unit set by the calibration unit
based on a calibration result during the calibration
operation period substantially cancels the non-linearity
of the DA conversion of the D/A conversion unit.

17. The operating method of the electronic system accord-

ing to claim 16,

wherein during the calibration operation period and the
normal operation period, the operating characteristic of
the AD conversion compensation unit substantially can-
cels the non-linearity of the AD conversion of the AD
conversion unit.

18. The operating method of the electronic system accord-

ing to claim 17, further comprising a selector unit having a
first input terminal, a second input terminal, and an output
terminal,

wherein the method further comprises the steps of:

during the calibration operation period, supplying the cali-
bration digital input signal to the first input terminal of
the selector unit, and supplying the calibration digital
input signal transferred to the output terminal of the
selector unit to the input terminal of the D/A conversion
unit, and

wherein during the normal operation period, the digital
compensation output signal generated from the output
terminal of the second DA conversion compensation
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unit is supplied to the second input terminal of the selec-
tor unit, and the digital compensation output signal
transferred to the output terminal of the selector unit is
supplied to the input terminal of the D/A conversion
unit.

19. The operating method of the electronic system accord-

ing to claim 18,

wherein the calibration unit comprises a subtraction unit, a
first search engine, and a second search engine,

wherein the method further comprises the steps of:

calculating, by the subtraction unit, a difference between
the signal supplied to the one input terminal of the cali-
bration unit and the signal supplied to the other input
terminal,

wherein the first search engine sets the operating charac-
teristic of the first DA conversion compensation unit and
the operating characteristic of the second DA conversion
compensation unit, in response to an output signal of'the
subtraction unit, and

wherein the second search engine sets the operating char-
acteristic of the AD conversion compensation unit, in
response to the output signal of the subtraction unit.

20. The operating method of the electronic system accord-

ing to claim 19,

wherein either the A/D conversion unit or the D/A conver-
sion unit generates a dither output signal for enhancing a
convergence of calculation operation of the first search
engine and the second search engine of the calibration
unit.



